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ABSTRACT 
Bioelectrical impedance analysis (BIA) has been proposed as an easy and accurate 
technique for a non-lethal index of condition in fish; however, factors affecting its accuracy have 
yet to be properly identified.  The technique uses the resistance (R) and reactance (Xc) of water 
and lipids in contiguous tissues to estimate lipid content.  Studies have investigated the use of 
BIA on fish, but with mixed results, possibly caused by unrecognized sources of influences.  Our 
study explored possible sources of variance for BIA measurements in gulf killifish, Fundulus 
grandis, through laboratory feeding and fasting experiments, and experimental exposures to 
acute changes in temperature and salinity.  In our feeding and fasting experiments, wild caught 
F. grandis were held in recirculating tanks and either fed ad libitum or withheld food for 28 days 
and sampled every 7 days. In the fed and fasted experiments, BIA measurements, plasma 
osmolarity, Lecren’s Kn, and % organ lipid were significantly different by day with most variables 
showing a gradual change over time (ANOVA, p <.05).  However, in the fasted experiment BIA 
measurements did not follow the trends of declining condition indicated by Kn and % organ lipid 
In our experiments with environmental factors, fish acclimated to 24⁰C and 12 ppt salinity where 
exposed to tanks randomly assigned treatments of salinities 2, 12, 24 and temperatures 2, 12, 
24⁰C.  Reactance was consistently significantly higher at salinity 2 ppt, and R significantly 
decreased as temperature increased (ANOVA,Tukey-Kramer p <.05).  Our results indicate 
additional possible sources of variance including sex, size, temperature and changes in body 
chemistry.  Some of the mixed results from other studies may be explained by these sources of 
variance.  If these sources of variance are shown to be easily correctable, BIA may prove to be 
an effective index of condition. 
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CHAPTER 1.  LITERATURE REVIEW & RESEARCH GOALS 
1.1  Introduction 
Effective monitoring techniques provide critical data to inform management and 
protection of natural resources.  In vulnerable and rapidly changing environments, such as 
coastal Louisiana, the ability to accurately and effectively monitor changes in natural resources 
is of utmost importance. The coastal waters of Louisiana support a valuable cultural heritage, 
and are critically important for the local economy and our national seafood production. In 2011, 
the Louisiana coast produced nearly 32 percent of the contiguous United States’ seafood by 
weight, valued at 339 million dollars (NOAA 2011). Marine sport fishing in Louisiana has 
generated an economic output near $750,000,000 some years (ASA 2002).  Much of the unique 
cuisine in Louisiana is based on local seafood. This culturally and economically valuable 
resource has come under serious threat in recent years from natural and anthropogenic events.  
Most recently, for example, was the 2010 Deep Water Horizon oil spill, which released more 
than 4.9 million barrels of oil into the Gulf of Mexico (McNutt et al. 2012).  The effects of such an 
event are hard to measure, especially in estuarine systems as variable as the Louisiana Gulf 
coast.  Since environmental health is a difficult concept to define, the condition of biological 
indicators, such as fish, are used to quantify environment health.  Presently there are few 
options for sensitive and accurate measurements of condition of an organism that can be 
conducted in the field (Adams et al. 1994).  Broadly speaking, this project examines the use of a 
rapid, non-lethal, field-based technique (bioelectrical impulse analysis, BIA) for assessing fish 
condition as a potential tool for biological monitoring in coastal ecosystems. 
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1.2  Measuring Biological Response 
Identifying change has become the essence of modern ecology, and effective indices of 
change in an ecosystem are the responses of the inhabiting organisms (Adams 2005).  The 
idea is not a new one; at the beginning of the 20th century the use of canaries to monitor air 
quality in mines was common practice (Burrell and Siebert 1916).  After the Clean Water Act of 
1972 called for the protection of the biological integrity of the nation’s waters, biological 
monitoring became common practice in aquatic environments.  Biota responses are ideal 
environmental indicators, as they integrate both direct and indirect stressors, and directly reveal 
the effects in their fitness, population, and community (Adams 2005).   
Biological responses imparted by the changes in an ecosystem can be separated into 
four levels (Van Gestel and Van Brummelen 1996).  First, there is a physiological response 
within an individual organism, such as tissue damage or bioaccumulation.  Second, there is a 
physical response by the individual, such as changes in survival, growth, and reproduction.  
Third, there is a population level response with altered genetics, age structure, and abundance.  
Finally there is the ecosystem level response with changes in species diversity and community 
dynamics.  The responses at the individual, population, and ecosystem levels that provide 
information on the status of a system are known as biocriteria, responses below the individual 
level are commonly called biomarkers (NRC 1987; Adams 2005).  A good investigation of 
ecological integrity of a system will often use biomarkers to monitor for change, while using 
biocriteria like abundance to collect information on overall conditions (Schiemer 2000). 
A classic example of a bioindicator early warning is the decline in raptors following the 
use of dichlorodiphenyltrichloroethane (DDT) in the 1950s (Ratcliff 1970).  Though general 
levels found in the environment were low and did not indicate a problem, the response of 
biocriteria in the ecosystem indicated a change not be evident at the environmental level (Evans 
et al. 1991).  DDT was accumulating in higher predators, and as DDT concentration in raptor 
eggs increased to 15 ppm, raptor egg mortality approached 100% (Wiemeyer et al. 1984).   Due 
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to the biocriteria response indicating a problem, steps were taken to limit the use of DDT and 
allow ecosystems to recover (Grier 1992).  Bioindicators are useful tools for bringing clarity to a 
complex problem, and allowing policymakers to identify key aspects and determine appropriate 
action (Niemeijier 2002). 
An important caveat in biological monitoring is the need to use more than one indicator.  
Responses can be complex and interact with one another, and for an integrated evaluation of 
response, multiple indices should be measured (Adams et al. 1994).  For example, measuring a 
limited range of responses at an individual level may lead to incorrect assumptions about the 
condition of the organism (Copeland et al. 2008).  In a study of largemouth bass, several 
biochemical markers of stress were compared to a morphological fish health index.  
Biochemical markers found to indicate stress, hepatic cytochrome P450 IA (CYP IA), 
ethoxyresorufin-O-deethylase (EROD), heme-oxygenase (HSP30) and metallothionein (MT) 
were measured in the liver tissues of each individual (Schlenk et al. 1996).  Only CYP IA and 
HSP30 were found to correlate with fish health indicating stress, despite the fact that the other 
biochemical markers measured had been shown in other studies to be indicators of stress. If 
only one biochemical indicator had been used exclusively, it may have led to incorrect 
conclusions. 
In aquatic environments, a range of organisms can be used as indicators, including 
plants, micro-invertebrates, mollusks, and fish (Mazor et al. 2006; Germian and Pinte 1990; 
Adams et al., 1999).  Fish have proven particularly good indicators due to their relatively long 
life, ease of collection, simple identification, and usually known life history (Plafkin et al. 1989). 
Biomarkers of fish condition provide integrative measures of the effects of biotic and abiotic 
environmental influences on fish (Searcy et al. 2007; Zapfe and Rakocinski 2008).  Whether a 
fish puts its energy into homeostasis, growth, fecundity, or storage depends on factors such as 
food availability, environmental factors, seasons, or pollution (Diana 1995).  These factors make 
fish a good candidate for use as a bioindicator. 
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Numerous lab studies have demonstrated the effects of various factors on fish condition.  
The majority of a fish’s energy budget is spent on maintaining homeostasis, growth, and 
reproduction (Febry and Lutz 1987; Nicieza and Metcalfe 1997; Lambert and Dutil 2000).  If the 
caloric needs of survival become too large, a fish’s condition can be negatively affected (Nicieza 
and Metcalfe 1997).  Food availability may have the most profound effect on fish energetics; 
lack of food resources can negatively affect body weight, growth rates and alter hormones in 
some species (Fox et al. 2006; Picha et al. 2005).  Additionally, fish growth has been shown to 
be affected not just by caloric input, but also nutritional value of food (Bowen et al. 1995).  Low 
lipid content in a diet can lead to low reproduction and offspring survival, while increased protein 
can lead to increased growth and earlier maturation (Gunasekera et al. 1995; Izquierdo et al. 
2001).  Exertion can also affect fish physiology, where fish exposed to a more physically 
demanding swim regime have shown increased mortality and metabolism (Bagatto et al. 2001).  
Environmental characteristics such as temperature, dissolved oxygen, and salinity have been 
shown to alter growth and energy allocation in fish (Brown et al. 2011; Martinez et al. 2006; 
Sogard and Spencer 2003).  Water temperature has a significant effect on metabolism of fish, 
and fish growth can be stunted by deviations from a nominal range (Elliott 1976; Bowen et al. 
2013).  Environments contaminated with heavy metals and petroleum have been shown to 
negatively affect fish growth and physiology (McKinley et al. 2012; Hicken et al. 2011; Gillers et 
al. 2006).  The more energy a fish must allocate to factors that threaten its survival, the less 
energy there is to use to grow (Febry and Lutz 1987; Nicieza and Metcalfe 1997).  As such, 
numerous studies have used fish condition to compare habitat quality (Wierner and Hannenar 
1982; Booth and Shipley 2012), examine fish response to pollution (Larose et al. 2008; Bervoets 
and Blust 2003; Kermabrun et al. 2012), compare nursery grounds (Vaxconcelos et al. 2009; 
Ribeiro et al. 2004), and assess restored habitats (Jackson et al. 2002; Dibble and Meyerson 
2012). 
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 Several morphometric and biochemical indicators of fish condition have been developed 
in the last century.  Morphometric approaches are often used because they are cheap, easy and 
field-friendly (Stevenson and Woods 2006).  One example, the Fulton condition factor, based on 
the ratio of body length to weight, was developed in the early 1900s (Blackwell et al. 2000).  
More recently, other scientists developed slightly different measures expanding on Fulton’s 
factor, termed relative condition factor and relative weight (Lecren 1951; Blackwell et al. 2000).  
These techniques use predetermined condition values to formulate condition indexes (Lecren 
1951; Blackwell et al. 2000).  These measures rely on ratios of fish length and weight to 
estimate the fat or energy content of the fish as a condition index, with the general assumption 
that a heavier organism of the same length is in better condition (Lecren 1951; Blackwell et al. 
2000; Stevenson and Woods 2006). 
Recent calculations of body condition use an ordinary least square regression of mass to 
length to remove the effects of size variation (Reist 1985).  This calculation has a set of 
assumptions that need to be met:   mass increases linearly, a fish’s health is independent of the 
length and mass ratio, the length and mass ratio is a measure of true size, and there is no 
correlation between size and other structures (Green 2001).  Few studies take these 
assumptions into consideration when making calculations of body condition but the technique 
has still been shown to be accurate when the assumptions are met (Green 2001; Schulte-
Hostedde et al. 2005).  An alternative is the TL method which also removes the size effects 
through scaling (Lleonart et al. 2000).  The method begins with a plot of mass and length to 
remove any outliers.  Then a standardized major axis regression is performed on the plot of the 
natural log transformed data.  The slope of this line can be used in the following formula: 
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 Where Mi is the body mass, Li is the body length, bSMA is the slope, and L0 is the mean 
length for the study (Peig and Green 2009).  This technique has been shown to be more 
accurate than the ordinary least square regression (Peig and Green 2009).  Though these 
methods are easy and inexpensive, their index of condition can be a poor measure of actual 
health and lacks sensitivity to fish with non-isometric growth or fat storage and multiple indices 
are still needed (Cone 1989; Adams et al 1999; Jakob et al. 1996; Copeland et al. 2008). 
Other techniques use biomarkers as indicators of fish condition.  Biomarkers are 
measures of specific parts of an organism that indicate the effects of environmental 
contamination (Peakall 1992).  Common biomarkers used in fish studies are gill lesions, hepatic 
lesions, and gene expression, though there are many others (Myers et al. 1994; Spies et al. 
1996; dos Anjos et al. 2011).  Another biomarker can be proximate measures of condition.  
Proximate measure present more direct measures of fish condition and have been used 
extensively particularly in pollution studies.  These methods tend to be more complicated and 
are lethal to the fish.   For example, direct measurements of fish body composition (i.e., protein, 
water, fat, ash) can be measured with proximate body analysis (Brown and Murphy 1991; 
Herbinger and Friars 1991).  With proximate body analysis, a fish is sacrificed and processed 
for its lipid content, which is a strong indicator of fish health as it is a measure of energy content 
(Brown and Murphy 1991).  Each of these methods has strengths, but all are difficult to apply in 
the field, expensive, time consuming or lethal to the fish and require technical expertise.  With 
indirect methods lacking accuracy, and direct methods time consuming, expensive, and difficult 
to conduct in the field, there is a still a need to develop better field friendly indices. 
 
1.3  Bioelectrical Impedance Analysis 
Bioelectrical impedance analysis (BIA) presents a potentially accurate, rapid and non-
lethal method for routine evaluation of fish condition in the field.  The technique has been used 
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for condition measurements in humans since the 1970s (Lukaski et al. 1985; Segal et al. 1991; 
Kyle et al. 2004).  Recently this technique been explored for use on fish in both laboratory and 
field studies (Bosworth and Wolters 2001; Cox and Hartman 2005; Cox et al 2011).  Specifically, 
the BIA method has been proposed as a means to rapidly acquire non-lethal measures of fish 
condition and body composition using the conductive properties of water and lipid content in 
contiguous tissues masses (Lukaski et al. 1985; Cox and Heintz 2009). The technique consists 
of taking two electrical measurements of resistance and reactance of the biological tissues with 
425 micro-amps at ~0 and 50 khz. Two probes consisting of pairs of needles are inserted into 
the fish’s tissues usually using physical features for consistent orientation of placement.  One 
probe is lined up near base pectoral fin, and one probe was lined up with the front edge of the 
anal fin (Figure 1).  One measurement is made at a low frequency, which will not penetrate cell 
membranes (Thomasset 1963; Pethig 1979; Kyle et al. 2004); this is the resistance of the 
extracellular fluids.  Electrical resistance is the opposition to electrical charge passing through a 
medium.  The other measurement is made at a higher frequency, at which cell membranes 
become capacitive and allow electric current to flow through them (Thomasset 1963; Pethig 
1979).  This higher frequency measurement is the reactance of the tissues and is the opposition 
to change in electrical current; it is theoretically cause by the presence of lipids.  These two 
measurements can be used to calculate different indices of fish condition including phase angle, 
or reactance and series measurements adjusted for parallel systems, or adjusted for individual 
fish length, as researchers attempt to find the correct approach to accurately track fish condition  
(Cox et al. 2011).  Results have been mixed, and the technique is still being refined for fish (Cox 
et al. 2011; Table 1).  In tests with larger fish, such as catfish, brook trout, and cobia, BIA 
correlated strongly with many proximate measures of total body protein, water, fat, and dry 
mass (Bosworth and Wolters 2001; Cox and Hartman 2005; Duncan et al. 2007).  In similar 
tests with fish species such as steelhead, Atlantic salmon, walleye, BIA failed to correlate with 
lipid content relative to size, or lacked accuracy (Pothoven et al. 2008; Hanson et al. 2010; 
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Table 1.  Year, authors, title, and  short summary of paper using BIA on fish.
 
Year Author Title Results Summary
2001 Bosworth and WoltersEvaluation of bioelectric impedance to predict carcass yield, 
carcass composition, and fillet composition in farm-raised 
catfish
Did not use whole fish for analysis but R² values 0.7-
0.8
2005 Cox and Hartman Nonlethal estimation of proximate composition in fish R² > 0.96 for water, protein, fat, fat-free, and dry 
masses
2007 Duncan et al Bioimpedance assessment of body composition in cobia 
Rachycentron canadum (L. 1766)
Lipid R² = 0.3337, water, protein, fat-free, ash, and dry 
mass R² > 0.85
2008 Hartman and Margraf Common relationships among proximate composition 
components in fishes
Used to estimate dry, protein, total fat, fat-free mass 
2008 Pothoven et al Reliability of Bioelectrical Impedance Analysis for Estimating 
Whole-Fish Energy Density and Percent Lipids
Significant predictor, only slightly better than body 
mass alone
2008 Willis and Hobday Application of bioelectrical impedance analysis as a method for 
estimating composition and metabolic condition of southern 
bluefin tuna (Thunnus maccoyii) during conventional tagging
Weight composition index to BIA R² > 0.78
2009 Keith Cox Electrical phase angle as a new method to measure fish 
condition
Phase angle significantly different between starved 
fish
2010 Hanson et al Comparison and Validation of Nonlethal Techniques for 
Estimating Condition in Juvenile Salmonids
Water and protein  R² > 0.74, Poor predictor of lipid 
2011 Cox et al. Measurements of resistance and reactance in fish with the use 
of bioelectrical impedance analysis: sources of error
Sources of error in technique paper
2011 Hafs and Hartman Influence of Electrode Type and Location upon Bioelectrical 
Impedance Analysis Measurements of Brook Trout
Techniques paper, BIA to dry weight R² = 0.85
2011 Hartman et al Temperature Effects on Bioelectrical Impedance Analysis (BIA) 
Used to Estimate Dry Weight as a Condition Proxy in Coastal 
Bluefish
Temperature significant effect
2012 Calderone et al Evaluation of bioelectrical impedance analysis and Fulton's 
condition factor as nonlethal techniques for estimating short-
term responses in postsmolt Atlantic salmon (Salmo solar) to 
food availability
Wet weight better predictor of body composition
2012 Garner et al Use of Bioelectric Impedance Analysis to Assess Total-Body 
Condition and Predict Energy Density in Juvenile Atlantic 
Croaker
Lower predictive power than relative condition
2012 Rasmussin et al Empirical relationships between body tissue composition and 
bioelectrical impedance of brook trout Salvelinus fontinalis from 
a Rocky Mountain Stream
Low correlation with lipid
2013 Klefoth et al Reliability of non-lethal assessment methods of body 
composition and energetic status exemplified by applications to 
eel (Anguilla anguilla) and carp (Cyprinus carpio)
BIA poor indicator of dry mass and significant 
temperature effect
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Caldarone et al. 2012).  With such mixed results of BIA, there are many aspects of the 
technique that could use further study. 
1.4  The Effect of Changing Environmental Variables on Measuring Fish Condition 
The organisms that inhabit an environment are often the best source of information on 
changes within that environment (Adams 2005).  Organisms used as environmental indicators 
are useful tools for bringing clarity to a complex problem, providing policymakers with critical 
information regarding environmental change which allows them to determine appropriate action 
(Niemeijier 2002).  In aquatic environments, there are a range of organisms that can be used as 
indicators, but fish are often used as indicators due to their long life, ease of collection, known 
life history and sensitivity to the environment (Plafkin et al. 1989; Hicken et al. 2011; Bowen et 
al. 2013). 
The health of individual fish in a population has been shown to be an important indicator 
of the quality of the systems in which they exist (Adams 2005).  In order to categorize or index 
the health of an individual many different techniques have been developed over the last century.  
Some indices are based on easily attainable information such as length and weight ratios, while 
others require fish mortality, and more detailed analyses including proximate analysis of blood 
or tissues (Brown and Murphy 1991; Blackwell et al. 2000).  Regardless of ease of use or 
impact on the individual fish, the goal of all of these efforts is to provide a measurement of 
condition that can be used to monitor and identify change in condition in response to 
environmental quality.  The ideal technique would be easy to apply in the field, accurate, and 
nonlethal to fish. 
Bioelectrical impedance analysis (BIA) presents a potentially accurate, rapid and non-
lethal method for routine evaluation of fish condition in the field and lab.  Specifically, the BIA 
method has been proposed as a means to rapidly acquire non-lethal measures of fish condition 
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and body composition using the conductive properties of water and lipid content in contiguous 
tissues masses (Lukaski et al. 1985; Cox and Heintx 2009).  Recent studies of the accuracy of 
BIA use on fish have shown the technique to be sensitive to changes in fish condition, but poor 
at creating an index of condition for comparing between fish with often widely varying results 
(Cox and Hartman 2005; Pothoven et al. 2008; Klefoth et al. 2013).  Understanding the causes 
of variance in the conductance of tissues is complex, and researchers are still trying to identify 
and understand these sources and their effects on BIA measurements on fish (Pethig 1979; Cox 
et al. 2011; Hartman et al. 2011; Klefoth et al. 2013). 
Fish adaptions to aquatic environments allow them to exhibit changes in their body 
physiology that can be expected to affect BIA measurements (Light 1984; Brill et al. 1994; 
Zadunaisky et al. 1995).  When sampling in estuarine environments, this is an important factor 
to consider given that salinity and temperature are known to have high variability within and 
between years.  For example, because fish are ectotherms, any change in water temperature 
will result in a change in their tissue conductance (Brill et al. 1994; Crockett and Londraville 
2005; Gray 2004).  If the sources of variance in BIA measurement in fish could be better 
understood, it could prove a valuable tool in using fish as environmental indicators. 
The first aspect of the technique that needs to be addressed is the influence of altered 
extra and intra-cellular fluids.  BIA measurements are based on conductance, which in a 
solution is affected by the presence and concentration of ions (Gray 2004).  Changes in these 
characteristics within tissue fluids could be a source of variance when making BIA 
measurements on fish.  While teleost fish inhabiting environments with ionic composition and 
osmolarity different from their maintained internal conditions are proficient at maintaining these 
differences, fish adapting to new salinities have altered plasma ion levels (Foskett et al. 1983; 
Zandunaisky et al. 1995).  In euryhaline fish, regulation of ion transport happens in two steps, 
an initial immediate response and a slower adaptation (Zadunaisky et al. 1975).  For instance, 
when F. heteroclitus is exposed to a higher salinity environment, there is a rapid increase in the 
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gill Cl⁻ permeability (Maetz and Bornancin 1975; Zadunaisky et al. 1995).  The increased salinity 
causes the fish’s chloride cells to begin to shrink from fluid loss, and this shrinking activates a 
cascade of transport molecules opening Cl⁻ channels (Zadunaisky et al. 1995).  By tracking the 
blood plasma osmolarity, it can be shown that after an initial spike, osmolarity levels slowly 
return to normal (Figure 2).   With longer exposure there is a gradual adaption of the epithelium 
cells, changes in electrical resistance, increases in chloride cells and transport enzymes (Sardet 
et al. 1979; Karnaky et al. 1976).  Complete adaptation can take several days and until then 
plasma ion levels remains altered (Zandunaisky et al. 1995).  As the conductance of 
extracellular fluids is fundamental to BIA measurements, two identical fish with different plasma 
osmolarity may give different BIA readings.  Identifying this variance could clarify why BIA 
results are variable, and would be vital to the successful use of BIA in estuaries where fish 
experience variable ion flux. 
The second component of BIA that needs investigation is influence of body temperature.  
The conductance of materials is strongly affected by its temperature (Gray 2004).  Due in part to 
fish oxygen requirements, and variable oxygen content of water, along with high heat capacity 
and thermal exchange rate, most fish do not physiologically regulate their body temperature 
relative to their environment (Brill et al. 1994; Crockett and Londraville 2005).  Water’s 
conductivity can be affected by temperature by 1 – 5% / ºC depending on its purity (Hayashi 
2004).  Thus, fish measured with BIA from environments with differing temperatures may have 
altered results from the differing tissue temperatures.  There could also be long term 
temperature adaptations that effect BIA.  Temperature affects the cell membrane viscosity, with 
cooler temperatures affecting the rigidity of acyl chains of constituent phospholipids (Farkas et 
al 2001).  To compensate for this change some fish alter the structure and composition of 
membrane phospholipids (Hazel and Prosser 1974; Wodtke 1978; Wallaert and Babin 1994).  
These alterations can have secondary effects on water permeability, where membranes that 
increased cholesterol to combat loss of fluidity decrease cell membrane water permeability 
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(Robertson and Hazel 1999). Temperature also alters the ion and water balance in fish by 
shifting the energy needed for protein-mediated ion transport across membranes (Metz et al 
2003). In addition, fish have adopted a myriad of strategies to cope with fluctuating body 
temperatures, ranging from antifreeze to heat shock proteins (Devries and Wohlschlag 1969; 
Iwama et al 1998; Stebbing et al 2002).  These changes may also affect BIA measurements, 
and need to be better understood if BIA is to be used in field settings.   
While some studies have documented effects of temperature on BIA measures, these 
studies have yet to document effects across the range of temperatures that fish along the Gulf 
Coast might be exposed to, and while a temperature correction for BIA measures has been 
suggested, but not developed (Hartman et al. 2011).  Similarly, events such as physical stress, 
pollutants, and acute changes in salinity can affect osmoregulation and the composition of 
tissues and body fluids (Lowe et al. 1993; Zadunaisky et al. 1995; Souza-Bastos et al. 2011) 
which has been suggested to affect BIA measurements (Light 1984; Gray 2004).  Before BIA 
can be suggested for use on assessing condition of wild populations, better understanding of 
how environmental factors affect BIA outcomes is critical.  
 
1.5  Research Goals 
Broadly speaking, this study was designed to investigate the relationship between BIA 
and changes in the condition status of an estuarine fish, as well as further examine the influence 
that salinity and temperature may have on that relationship.  Specific objectives of this work 
were to (1) quantify the relationship between BIA measurements and changes in lipid content 
and plasma osmolality in fasted and fed fish in the lab, (2) identify the relationship between BIA 
measurements, temperatures and salinities in the lab.  Two major studies were completed.  
First, to test the ability of BIA to differentiate between fish subjected to a range of conditions, we 
developed a set of experiments to quantify the relationship between BIA measurements, tissue 
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ion content, and plasma osmolality in recently caught wild fish and recently caught wild starved 
fish, over a thirty day period.  Second, to evaluate potential use of the method in the field, where 
organisms are exposed to water quality changes, we tested the short-term effects of acute 
salinity and temperature changes on BIA measurements, tissue ion content, and plasma 
osmolality, using recently caught wild fish, and lab-conditioned fed fish.  From these two studies, 
we were able to develop a comprehensive overview on the suitability of BIA in measuring fish 
condition.  
14 
 
CHAPTER 2. EXPERIMENTAL DESIGN 
2.1  Experimental Fish 
 Fundulus grandis, a ubiquitous estuarine prey species, was selected for this study.   F. 
grandis are fast growing, small fish with maximal sizes reaching 18 cm (tail length),  F. grandis 
are found  from the St. Johns River, FL to Laguna De Tamiahua, Veracruz, Mexico (Lee et al. 
1980), inhabiting a wide range of salinities, from fresh to 76 ppt (Simpson and Gunter 1956; 
Tabb and Manning 1961).  Wild-caught F. grandis were purchased from a local bait dealer 
(Terry’s Live Bait, Golden Meadow, LA) for use in this study. On June 5 and July 3 2013, 
approximately 500 fish were transported to the Louisiana State University AgCenter Aquaculture 
Research Station in multiple aerated 114 L coolers.  Fish purchased on June 5 were used in the 
condition experiments (Study 1, &2 below); fish purchases on July 3 were used in the exposure 
experiments (Study 3 & 4 below). 
 
2.2  Experimental Systems 
F. grandis transported to LSU AgCenter Aquaculture Research Station were placed in a 
13,700-L holding tank, with a recirculating system consisting of a 325-L sump, bead filter, and 
ultra-violet filter. The system was maintained at ambient temperature (20 - 32ºC) and a salinity 
of 12 ppt which is approximately isosmotic for similar species, allowing passive ion flow (Fritz 
and Garside 1974).  Salinity and oxygen were monitored daily.  The salinity of the tanks was 
maintained by the addition of Instant Ocean.  An automatic feeder dispensed approximately 300 
mg of Cargill Aquaxcel fish marine starter food (2.2 mm, 50% protein, 14% fat) twice a day.  
Fish were maintained under these conditions until selected for experimental studies, detailed 
below.  Fish used in the four studies outlined below are categorized as non-acclimated fish 
(wild) which were used in experiments within 5 days of transportation to LSU, and lab-
conditioned fish, which were held at LSU and fed as described above for a minimum of 60 days.   
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The experiments were all conducted in separate tanks system consisting of a sump, 
inline cooling system, bead filter, aeration, and ultra-violet filter.  Throughout the experiments, 
salinity, temperature, and dissolved oxygen were checked daily using an YSI-556.  Ammonia, 
nitrites/nitrates were measured bi-weekly. 
 
2.3 Study Design 
Four studies were conducted with the goal of better understanding the relationships 
between BIA, fish condition, and changing environmental variables.  The first two studies aimed 
to quantify the relationship between BIA measurements, lipid content, and plasma osmolality in 
recently caught wild fish.  To ensure a range of fish conditions, two experiments were run: (1) 
fish were fed throughout the 30 day experiment, while condition and BIA measurements were 
recorded, and (2) fish were deprived of food throughout the 30 day experiment, while fish 
condition and BIA measurements were recorded. All metrics used for experiments are listed and 
described in Table 2. 
 In June 2013, within 24 hours of placement of experimental fish in the large holding tank 
at LSU, 128 male and 128 female fish were randomly selected and transferred into temperature 
controlled tanks maintained at 24⁰C and a salinity of 12 ppt for acclimation for 96 hours.  Fish 
were fed ad libitum twice a day using Cargill Aquaxcel fish marine starter food (2.2 mm, 50% 
protein, 14% fat).  After 72 hours, food was withheld prior to sampling in order to ensure gut 
content would not influence BIA measurements (Cox et al., 2011).   At 96 hours, 18 female and 
18 male fish were randomly selected and processed as described below (Methods 3.3.1) to 
provide a baseline of fish condition, and Day 0 data for both the fed and the starved 
experiments 
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2.3.1  Study 1: Wild-caught, Fed Condition Experiment 
On Day 0, forty male and forty female fish were placed in experimental tanks maintained at a 
salinity of 12 ppt and a temperature of 24⁰C (mean TL: 97.3 ± 1.8 mm, mean % organ lipid: 30.4 
± 0.3).  Fish where fed Cargill Aquaxcel fish marine starter food (2.2 mm) ad libitum twice a day.  
.  For each sample event, food was withheld for 24 hours prior to sampling in order to ensure 
gut content would not influence BIA measurements (Cox et al., 2011).  On days 7, 14, 21, and 
28, 10 males and 10 females were randomly selected and processed for condition and related 
metrics (Table 2) as described in Methods 3.3.1, below.  Fish condition was expected to remain 
constant or increase under fed lab conditions.  
 
2.3.2  Study 2: Wild-caught, Fasting Condition Experiment  
 On the same Day 0 as the fed experiment, 72 male and 72 female fish were placed in 
tanks maintained at a salinity of 12 ppt and a temperature of 24⁰C (mean TL: 94.3 ± 1.6 mm, 
mean % organ lipid: 30.4 ± 0.3 %).  To prevent possible cannibalization, fish were held in 
separate sub-compartments within each tank.  The tanks were checked daily for mortality, and 
any dead fish were removed.  The higher number of fish compared to Study 1 was selected due 
to the possibility of mortality from fasting.  On days 7, 14, 21, and 28, 10 males and 10 females 
were randomly selected and processed for condition and associated metrics as described in 
Procedures, below.  Fish condition was expected to decrease with time under fasting conditions.  
 
2.3.3  Study 3: Wild-caught, Acute Salinity x Temperature Exposure Experiment  
 A split-plot fully crossed experiment was conducted to examine the effects of acute 
exposure to 4 temperatures (2, 12, 24, 36°C) and 4 salinities (2, 12, 24, 36 ppt) on BIA 
measurements, length, weight, condition, lipid content, osmolarity and plasma and muscle Na+ 
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concentrations.  The experiment was conducted on non-acclimated (wild caught) fish to 
represent fish in conditions found in the field.  Within 24 hours of fish being transported to LSU 
tanks, 64 fish (mean TL: 85.1 ± 1.5 mm, mean % organ lipid: 50.0 ± 2.3 %) were randomly 
selected and placed in a temperature (24°C) and salinity (12 ppt) controlled tank consisting 
recirculating system with a sump, bead filter, aeration and ultra-violet filter.  Fish were fed Cargill 
Aquaxcel fish marine starter food (2.2 mm) ad libitum twice a day while they acclimated to the 
tank, and to ensure no mortality from handling.  After 72 hours, fish were withheld food for 24 
hours to ensure that there was no food in the digestive track during sampling.  At 96 hours, fish 
were randomly selected and placed into salinity and temperature treatment tanks (4 salinities x 
4 temperatures x 4 fish) where they were held for 6 hours.  A 6 hour exposure was shown in 
other studies to be long enough to cause a change in cellular fluids, but short enough that the 
fish would not osmoregulate changes back to homeostasis (Zadunaisky et al. 1995). When 6 
hours had passed, all fish were removed and immediately processed for BIA, lipid, plasma 
osmolality and other metrics as outlined in Methods 3.3.1, below.  Fish condition was not 
expected to change under this short term acute exposure.  
 
2.3.4  Study 4: Lab-Conditioned, Acute Salinity x Temperature Exposure Experiment 
 A split-plot fully crossed experiment was conducted to examine the effects of acute 
exposure to 4 temperatures (2, 12, 24, 36°C) and 4 salinities (2, 12, 24, 36 ppt) on BIA 
measurements, length, weight, condition, lipid content, osmolarity and plasma and muscle Na+ 
concentrations.  The experiment was conducted on lab-conditioned fish (tank fed for 60 days).  
After being maintained in salinity controlled tanks (salinity = 12 ppt), under ambient 
temperatures for 60 days at LSU, and fed Cargill Aquaxcel fish marine starter food (2.2 mm) ad 
libitum twice a day, 64 fish (mean TL: 81.5 ± 0.5 mm, mean % organ lipid: 71.1 ± 4.2 %, Aug 
2013) were randomly selected and placed in a temperature (24°C) and salinity (12 ppt) 
controlled tank consisting of a recirculating system with a sump, bead filter, aeration and ultra-
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violet filter.  Fish were fed Cargill Aquaxcel fish marine starter food (2.2 mm) ad libitum twice a 
day while they acclimated to the tank, and to ensure no mortality from handling.  After 72 hours, 
fish were withheld food to ensure that there was no food in the digestive track during sampling.  
At 96 hours, fish were randomly selected and placed into salinity and temperature treatment 
tanks where they were held for 6 hours (4 salinities x 4 temperatures x 4 fish).  When 6 hours 
had passed, all fish were removed and immediately processed for BIA, lipid, plasma osmolality 
and other metrics, as outlined in Procedures, below.  Fish condition is not expected to change 
under this short term acute exposure.  
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CHAPTER 3.  METHODS  
 
3.1 Lab Procedures 
All experimental fish were processed using the same protocols, listed below.  All metrics 
collected are listed in Table 2, with their symbols, formulas, and units.  At sampling, all fish were 
immediately placed in solution of 1.0 grams of tricaine methanesulfonate (MS222) in 1 liter of 
tank water, buffered to neutral pH with sodium bicarbonate, and kept in the solution until fully 
anesthetized and ceased moving.  Fish were removed from the MS-222 solution, patted dry, 
and blotted weight (g) and total length (mm) were recorded.  Length and weight were used to 
calculate a relative fish condition using Lecren’s (Kn) condition index (Lecren 1951).  BIA 
measurements (resistance, reactance), and blood and tissue for osmolarity, ion content, and 
lipid content were taken following procedures listed below. 
 
3.1.1  BIA Measurements 
Resistance (R) and reactance (Xc) for BIA were measured using a Quantum X impedance 
analyzer (RJL Systems, Point Heron, MI) following standard methods (Cox and Hartman 2005; 
Cox, Hertz and Hartman 2011).  Each of the meter’s two probes was assembled by attaching a 
pair of 28 gauge needle electrodes (Grass Technologies) to a 0.5 cm wide sliver of PVC, 
allowing for 0.5 cm of exposed needle beyond the sliver for penetration.  The needle electrodes 
were held in place with a dot of thermoplastic adhesive to ensure consistent probe separation 
and depth. Before measurements on fish were collected, the Quantum X meter was calibrated 
using a 500 ohms resistor.  To maintain consistent probe insertion across varied fish sizes, 
probe placement was based on morphological landmarks.  The anterior probe location 
20 
 
Table 2.  List of symbols, formulas, and units used to quantify metrics, and a word description of the metrics used in this 
investigation.  All metrics were examined as response variables to treatments in all four studies of this work. 
Metric Symbol Formula and Measurement Description
Length L total length (mm) Length from rostrum to the end of the tail
Weight W body weight (g) Patted dry weight
Lecren's Condition Kn Kn = Wt / a(L)ᵇ  where a and b are constants from 
Length and Weight trendline
Ratio of actual weight compared to a hypothetical ideal 
weight
Organ Lipid % (lipid content of body cavity / weight of the organs of 
the body cavity)*100
Index of energy content of fish
Body Lipid % (lipid content of body cavity / W)*100 Index of energy content of fish relative to length
Plasma Osmolarity micro-moles / kilogram  of plasma, (mmol/kg) Particles per kilogram of solution
Plasma Na
+ micro-moles of sodium / ml plasma, (mmol/ml) Particles of sodium per kiloliter of solution
Muscle Na
+ micro-moles of sodium / gram of muscle, (mmol/g) Particles of sodium per gram of solution
Resistance  Series R ohms (Ω) Conductance of extra-cellular fluids at low frequency (0 
kilohertz)
Reactance Series Xc ohms (Ω) Conductance of extra-cellular and intra-cellular fluids at 
high frequency (50 kilohertz)
Phase Angle Series PA (atan(R / Xc)) * (180/ (pi)), (⁰) Index of condition based on ratio of R and Xc
Resistance  Parallel Rpara  (Ω) - R + ((Xc)^2)/ R)
R adjusted for an electrical system arranged in parallel
Reactance Parallel Xcpara Xc + ((R)^2)/ Xc), ohms (Ω)
Xc adjusted for an electrical system arranged in parallel
Phase Angle Parallel PApara (atan(Rpara / Xcpara)) * (180/ (pi)), (⁰) 
PA adjusted for an electrical system arranged in parallel
Resistance Length Rlength (Length^2)/ Rpara, ohms (Ω) Rpara adjusted for the length of the fish
Reactance Length Xclength (Length^2)/ Xcpara, ohms (Ω) Xcpara adjusted for the length of the fish
Phase Angle Length PAlength (atan(Rlength / Xclength)) * (180/ (pi)), (⁰) PApara adjusted for the length of the fish
Resistance Probe Rprobe (Probe seperation)^2)/ Rpara, ohms (Ω) Rpara adjusted for the probe seperation distance 
Reactance Probe Xcprobe (Probe Seperation^2)/ Xcpara, ohms (Ω) Xcpara adjusted for the probe seperation distance
Phase Angle Probe PAprobe (atan(Rprobe / Xcprobe)) * (180/ (pi)), (⁰) PApara adjusted for the probe seperation distance 
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was above the lateral line on the antero-posterior (AP) axis lined up with base of the pectoral fin 
and on the dorso-ventral (DV) axis lined up with the top of the operculum (Figure 1).  The 
posterior probe location was above the lateral line, on the AP axis lined up with beginning of the 
dorsal fin and on the DV axis lined up with the top of the operculum (Figure 1). The two needles 
on each probe where inserted parallel to the AP axis.  The order of the needles on the probes 
was positive, negative on the anterior probe, and negative, positive on the posterior probe.  The 
distance between the probes was recorded (mm) and measurements were taken on both the 
left and right side of each fish.  The fish carcass was foil wrapped, placed in a whirlpak, and 
frozen at -20⁰C for subsequent organ and muscle tissue processing. 
 
Figure 1.  Photos showing positioning of probes for bioelectrical impedance analysis on F. 
grandis.  Positive probe is lined up near base pectoral fin even with the top of the operculum, 
and negative probe was lined up with the front edge of the dorsal fin and the top of the 
operculum 
The BIA measurements taken are resistance (R) and reactance (Xc) and assume the 
conductance of tissue behaves as an electrical system arranged in series (Cox and Hartman 
2005).  A third BIA measurement phase angle (PA) is calculated from ratio of R and Xc (Cox 
and Heintx 2009).  R, Xc, and PA are adjusted into three other indices.  Rpara, Xcpara, and PAPara 
are adjusted assuming tissues behave as an electrical system arranged in parallel (Pethig 1984; 
Cox and Hartman. 2005).  Rpara, Xcpara, and PAPara are adjusted for fish length (mm) into Rlength, 
Xclength, and PAlength and adjusted for probe distances (mm) into Rprobe, Xcprobe, and PAprobe (Cox 
and Hartman 2005; Garner el at. 2012). Metric definitions and equations are listed in Table 2.  
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3.1.2  Plasma Osmolarity and Plasma Ion Analyses 
Blood was collected in order to measure plasma osmolarity (mmol /kg), plasma Na+ 
(µmol ml).  After measurements with BIA, the tail of the fish was severed posterior to the anal fin 
and blood was taken in a hematocrit tube from the caudal vein until blood ceases flowing.  The 
scales were removed from the caudal peduncle region and the tail was severed with a scalpel.  
The blood was collected from the caudal vein with an ammonium heparinized glass capillary 
tube (Chase Scientific Glass).  After blood flow ceased, the tube was closed with Chā-seal tube 
sealing compound. The tubes were then centrifuged in an IEC Clinical Centrifuge for 10 minutes 
at 200 g.  Tubes were stored at 3⁰C and processed within 24 hours.  For processing, the end of 
the tube was snapped off and the plasma portion of the blood was extracted with a 100 µl 
Hamilton gas chromatography syringe.  Plasma samples were measured on a Vapro Vapor 
Pressure Osmometer (Wescor Inc) for osmolarity.  Any extra plasma was stored in a 1.5 micro-
centrifuge tubes at -20⁰C for later ion analysis.  Once defrosted, samples were diluted for ion 
analysis.  A small volume (0.5 µl) was pipetted into a 2 ml micro-centrifuge tube containing 2 ml 
of Millipore water with 5% nitric acid.  The samples were analyzed on a Fast Sequential Atomic 
Absorption Spectrometer (Varian) for Na+ content. 
 
3.1.3  Lipid Content 
Lipid extraction was conducted on muscle tissue and organs from the frozen fish to 
calculate % organ lipids and % body lipid.  Extraction was conducted using a method described 
by Folch et al. (1957). Muscle tissue for lipid extraction was sampled from the area on the fish 
between the probe insertions and approximately 1 cm wide. The skin was removed from the 
area, and the muscle tissue was removed down to caudal vertebrate.  All of the organs from the 
body cavity, from the esophagus to the vent, were removed as well.  Tissues dissected from the 
thawed fish were transferred to clean and pre weighed 50 ml falcon centrifuge tubes and 
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weighed on a digital micro-scale (mg).  An addition of 20 vols (ml /g) of a solution of 2:1 
chloroform /methanol was made to each tube.  The sample was then homogenized and allowed 
to set for 1 hour.  After setting, 0.2 vols (ml /g) of 0.9% KCL (90 mg KCL /ml deionized H20) was 
added to the sample.  The samples were thoroughly homogenized and centrifuged for 30 
minutes at 100 g.  A 1 ml sample of the bottom layer of chloroform was removed with a pipette 
and added to a pre-weighed glass 2 dram vial.  The sample was then evaporated under 
nitrogen, vacuum desiccated overnight, and re-weighed for lipid mass. 
 
3.1.4  Tissue Ion Content 
A muscle tissue sample was collected for ion analysis.  The sample was dried in a small 
aluminum tin for 24 hours at 60⁰C and dry weight determined (mg).  The tissue was then 
dissolved in 5 ml of nanopure water containing 50% nitric acid at 100⁰C for 30 minutes.  The 
sample was then diluted to 10 ml, and a 100 µl portion of the solution was pipetted into a 2 ml 
micro-centrifuge tubes containing 1.9 ml of Millipore water containing 5% nitric acid.  The 
samples were run on a Fast Sequential Atomic Absorption Spectrometer (Varian) and sodium 
concentration measured (µmol /g).   
 
3.2 Statistical Analyses 
 All statistical analysis where conducted in SAS v9.3 (SAS Institute, 2002).  Data were 
checked for normality and outliers using PROC UNIVARIATE.  If a data point’s studentized 
residuals exceeded ± 2.2, it was removed from analysis.   All reported means and standard 
errors were calculated using PROC MEANS.  A p-value of 0.05 was used as a significance 
threshold.  All variables listed in Table 2 were used for all analyses, unless indicated otherwise.  
For all studies, Pearson’s correlation analysis was run on all 12 BIA measures.  When 
measures were highly correlated (R2> 0.9), only one measure was retained in further analyses.   
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Study 1 & 2 – Each study was run separately following the same statistical code.  A two-
factor ANOVA (sex, day, sex*day), blocking on fish was run to examine differences in all 
dependent variables (Table 2) using a GLMM (Proc Glimmix) followed by LSMEANS Tukey-
Kramer grouping when significant differences were found.  To examine the ability to predict 
significant measures by day, simple linear regressions were run on day with PROC REG for 
each dependent variable that was significant in the GLMM.   
Study 3 & 4 – Each study was run separately following the same statistical code.  The 
temperature and salinity exposure experiments were evaluated as a two-factor (temperature, 
salinity, temperature*salinity) split plot design, blocking on fish, and tank.  High fish mortality in 
32ºC /0.2 ppt salinity and 4ºC /34 ppt salinity had the potential to unbalance the results of the 
experiment, thus, the highest temperature (32ºC) and the highest salinity (34 ppt) were dropped 
from the analyses.  All response variables (Table 2) were examined separately using PROC 
GLIMMIX with a LSMEANS Tukey-Kramer grouping when significant differences were found.   
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CHAPTER 4.  RESULTS 
For all studies, correlation analysis indicated that BIA measurements R, Xc, and PA 
were highly correlated with their parallel adjusted values, Rpara, Xcpara, and PApara (R
2 > 0.9). 
Only results from R, Xc and PA were reported.  For the salinity and temperature exposure 
studies, Study 2 Wild Caught and Study 3 Lab Conditioned, the goal was to test the sensitivity 
of BIA’s base measurements, R, Xc, and PA, no variables adjusted for parallel, length, or probe 
separation will be reported. 
 
4.1 Study 1: Wild-caught, Fed Condition Experiment 
There was no significant interaction by sex and day, but there were significant differences for 
single effects of sex and day (Table 3, Figure 2).  BIA measures of R, Xc, Rprobe, Xcprobe and 
PAprobe differed significantly by sex with females in all cases having higher values as 
compared to males.  No other measured variable showed a significant difference between 
sexes.  In contrast, almost all measured metrics showed a significant difference by day; only 
length, weight, and PAlength failed to demonstrate a significant difference between days.  Kn, % 
organ and body lipid, and Xc and PA increased throughout the experiment; remaining variables 
decreased over time (Figure 2).   
 
4.2 Study 2: Wild-caught, Fasted Condition Experiment 
 There was no significant interaction by sex and day, and there were no significant 
differences between sexes for any measured variables.   By day, almost all variables differed 
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Table 3.  ANOVA of fish condition metrics and BIA measurements by day for fed experiment.  Numerators, denominators, F-values, 
and p-values are given for the model with Sex and Day interaction, then Sex and Day with interaction removed. Significant p-values 
are bold; units for each metric are reported in Table 2.  Percent organ and body lipid were only measured on fish on Day 0 and 28.
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Figure 2.  Results of change in (1) plasma osmolarity (mOsm), (2) % organ lipid, (3) Lecren’s Kn, (4) resistance (Ω), (5) reactance 
(Ω) and (6) phase angle (⁰) by day for Study 1, measuring the change in condition in Fundulus grandis while fed twice daily held in 
temperature controlled (24 ⁰C) and salinity controlled (12 ppt) tanks for 28 days. Points are means with standard error bars. Within 
each individual graph, different letters indicate significant differences indicated by generalized linear models by day.  Linear trend 
lines are placed on graphs which had a significant linear regression with the calculated R2  for the line located on the graph. 
Regression was not run on % lipid because only two data points were taken.
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significantly, with most variables, weight, Lecren’s condition, % organ lipid, and % body lipid 
decreasing Osmolarity was significantly higher on Day 1 as compared to all subsequent days 
(Figures 3).throughout the experiment (Table 4).  BIA measures of Xc, PA, Rlength, Rprobe, 
and Xcprobe were significantly different with a decrease on day 14, where R had a significant 
peak (Figure 3).   
4.3 Study 3: Wild-caught, Acute Salinity x Temperature Exposure Experiment 
Muscle ion concentrations had a significant interaction for temperature and salinity, but 
no other measured variables showed interaction (Table 5).  There were significant temperature 
and salinity single effects for R, Xc, and PA.  R and Xc decreased with increasing salinity, while 
PA increased with increasing salinity (Figure 4).  For temperature, R and PA differed 
significantly, decreasing with increasing temperature (Figure 5).  Osmolarity is not reported due 
to low sample collection numbers. 
 
4.4 Study 4: Lab-Conditioned, Acute Salinity x Temperature Exposure Experiment 
There was no significant temperature by salinity interaction.  Plasma osmolarity and R 
differed significantly by salinity.  The lowest salinity, 2, affected both variables, with an increase 
in plasma osmolarity and a decrease in R (Table 6, Figure 6).  R differed significantly by 
temperature and was significantly lower at the highest temperature treatment as compared to all 
other temperatures (Figure 7).  No other variables differed significantly between treatments. 
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Table 4.  ANOVA of fish condition metrics and BIA measurements by day for fasted experiment.  Numerators, denominators, F 
values, and p-values are given for the model with Sex and Day interaction, then Sex and Day with interaction removed. Significant p-
values are bold; units for each metric are reported in Table 2.  Percent organ and body lipid were only measured on fish on Day 0 
and Day 28.   
 
Sex and Day Interaction By Sex By Day
Metric Num. Den. F Value Pr > F Num. Den. F Value Pr > F Num. Den. F Value Pr > F
L 4 7.8 1.54 0.28 1 8.8 3.07 0.11 4 8.8 1.87 0.20
W 4 7.2 1.71 0.25 1 8.2 0.95 0.36 4 8.3 4.2 0.04
Kn 4 6.9 0.08 0.99 1 2.5 3.74 0.17 4 8.1 13.99 <.01
OrganLipid % 1 3.4 3.16 0.16 1 4.3 0.7 0.44 1 3.9 26.46 0.01
Body Lipid % 1 3.5 0.18 0.69 1 4.7 1.17 0.33 1 4.3 6.39 0.06
Osmolarity 4 6.6 0.37 0.82 1 11.9 0.39 0.54 4 10.2 31.83 <.01
R
4 126.0 0.47 0.76 1 2.2 2.06 0.28 4 126.2 5.21 <.01
Xc
4 131.4 0.61 0.65 1 2.4 0.15 0.73 4 133.1 5.98 <.01
PA
4 5.4 1.69 0.28 1 11.9 1.63 0.23 4 8.5 23.11 <.01
Rlength 4 126.8 0.24 0.92 1 2.3 0.5 0.54 4 129.7 1.14 0.34
Xclength 4 127.8 2.42 0.05 1 2.0 0.11 0.77 4 9.3 12.67 <.01
PAlength 4 8.2 1.7 0.24 1 9.0 2.58 0.14 4 9.1 2.19 0.15
Rprobe 4 126.6 0.15 0.96 1 1.0 0.68 0.56 4 110.3 2.69 0.03
Xcprobe 4 131.4 0.61 0.65 1 2.4 0.15 0.73 4 133.1 5.98 <.01
PAprobe 4 6.3 0.49 0.75 1 22.9 0.89 0.35 4 148.8 0.31 0.87
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Figure 3.  Results of change in (1) plasma osmolarity (mOsm), (2) % organ lipid, (3) Lecren’s Kn, (4) resistance (Ω), (5) reactance 
(Ω) and (6) phase angle (⁰) by day for Study 2, measuring the change in condition in Fundulus grandis while fasted and held in 
temperature controlled (24 ⁰C) and salinity controlled (12 ppt) tanks for 28 days.  Points are means with standard error bars.  Within 
each individual graph, different letters indicate significant differences indicated by generalized linear models by day.  Linear trend 
lines are placed on graphs which had a significant linear regression with the calculated R2 for the line located on the graph. 
Regression was not run on % lipid because only two data points were taken. 
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Table 5.  ANOVA of fish condition metrics and BIA measurements by salinity and temperature for Study 3, wild-caught exposure.  
Numerators, denominators, F-values, and p-values are given for the model with temperature and salinity interaction, then salinity and 
temperature with interaction removed. Significant p-values are bold; units for each metric are reported in Table 2.   Muscle Na was 
showed significant interaction with temperature and salinity, and was not modeled further.  Plasma osmolarity and Na was not 
analyzed due to low sample numbers 
 
 
 
 
 
 
 
Temp. and Sal. Interaction Salinity 2,12,24 Temperature 4,12,24
Metric Num. Den. F Value Pr > F Num.Den. F ValuePr > F Num.Den. F ValuePr > F
L 4 27.0 0.39 0.81 2 31.0 0.87 0.43 2 31.0 0.06 0.94
W 4 27.0 0.61 0.66 2 31.0 1.09 0.35 2 31.0 0 1.00
Kn 4 8.6 1.33 0.33 2 12.7 0.17 0.85 2 12.7 2.36 0.13
OrganLipid % 4 9.0 1.04 0.44 2 13.1 0.45 0.65 2 13.1 1.85 0.20
Body Lipid % 4 8.7 0.92 0.49 2 13.1 1 0.39 2 13.1 1.8 0.20
Muscle Na+ 4 27.0 4.07 0.01
R 4 8.6 1.73 0.23 2 11.5 6.67 0.01 2 11.5 6.11 0.02
Xc 4 8.9 2.48 0.12 2 12.6 7.36 0.01 2 12.6 0.4 0.68
PA 4 8.8 2.27 0.14 2 13.0 4.65 0.03 2 13.0 3.8 0.05
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Figure 4.  Results of change in (2) % organ lipid, (3) Lecren’s Kn, (4) resistance (Ω), (5) reactance (Ω) and (6) phase angle (⁰) by 
salinity (ppt) for Study 3 wild-caught exposure, measuring the effects of acute exposure to changes in temperature and salinity.  
Points are means with standard error bars.  Within each individual graph, different letters indicate significant differences indicated by 
generalized linear models by salinity.  Linear trend lines are placed on graphs which had a significant linear regression with the 
calculated R2 for the line located on the graph.   There were too few plasma samples collected in this experiment to analyze plasma 
osmolarity and Na2. 
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Figure 5.  Results of change in (2) % organ lipid, (3) Lecren’s Kn, (4) resistance (Ω), (5) reactance (Ω) and (6) phase angle (⁰) by 
temperature for Study 3 wild-caught exposure, measuring the effects of acute exposure to changes in temperature and salinity.  
Points are means with standard error bars.  Within each individual graph, different letters indicate significant differences indicated by 
generalized linear models by temperature.  Linear trend lines are placed on graphs which had a significant linear regression with the 
calculated R2 for the line located on the graph.   Plasma osmolarity was not analyzed due to low sample numbers. 
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Table 6.  ANOVA of fish condition metrics and BIA measurements by salinity and temperature for Study 4, lab-conditioned exposure.  
Numerators, denominators, F-values, and p-values are given for the model with temperature and salinity interaction, then salinity and 
temperature with interaction removed. Significant p-values are bold; units for each metric are reported in Table 2.    
 
 
 
 
 
Temp. and Sal. Interaction Salinity 2,12,24 Temperature 4,12,24
Metric Num. Den. F ValuePr > F Num.Den. F ValuePr > F Num.Den. F ValuePr > F
L 4 27 0.9 0.48 2 31 0.39 0.68 2 31 0.23 0.79
W 4 27 1.22 0.33 2 31 0.98 0.39 2 31 0.11 0.90
Kn 4 27 0.51 0.73 2 31 0.83 0.45 2 31 0.04 0.96
OrganLipid % 4 27 0.5 0.73 2 31 0.53 0.59 2 31 0.05 0.95
Body Lipid % 4 9 0.1 0.98 2 13 0.75 0.49 2 13 1.25 0.32
Osmolarity 4 21 0.33 0.86 2 25 7.71 <.01 2 25 1.2 0.32
Plasma Na+ 3 4.2 0.77 0.57 2 8.0 0.98 0.42 2 9.3 0.14 0.87
Muscle Na+ 4 27 1.68 0.18 2 13 2.4 0.13 2 13 2.21 0.15
R 4 9 1.34 0.33 2 13 3.21 0.07 2 13 10.4 <.01
Xc 4 9 1.18 0.38 2 13 5.5 0.02 2 13 1.1 0.36
PA 4 9 0.65 0.64 2 13 3.62 0.06 2 13 0.37 0.69
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Figure 6.   Results of change in (1) plasma osmolarity (mOsm), (2) % organ lipid, (3) Lecren’s Kn, (4) resistance (Ω), (5) reactance 
(Ω) and (6) phase angle (⁰) by salinity (ppt) for Study 4 lab-conditioned exposure, measuring the effects of acute exposure to 
changes in temperature and salinity.  Points are means with standard error bars.  Within each individual graph, different letters 
indicate significant differences indicated by generalized linear models by salinity.  Linear trend lines are placed on graphs which had 
a significant linear regression with the calculated R2 for the line located on the graph.      
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Figure 7.  Results of change in (1) plasma osmolarity (mOsm), (2) % organ lipid, (3) Lecren’s Kn, (4) resistance (Ω), (5) reactance 
(Ω) and (6) phase angle (⁰) by temperature for Study 4 lab-conditioned exposure, measuring the effects of acute exposure to 
changes in temperature and salinity.  Points are means with standard error bars.  Within each individual graph, different letters 
indicate significant differences indicated by generalized linear models by temperature.  Linear trend lines are placed on graphs which 
had a significant linear regression with the calculated R2 for the line located on the graph.   
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CHAPTER 5.  DISCUSSION AND CONCLUSION 
 
BIA has potential to be an effective index of condition, but the technique’s sources of 
variance need to be better understood (Cox et al. 2011).  This study examined how initial 
condition of wild-caught fish could influence BIA results, as well as how environmental variation 
common to estuarine environments, of salinity and temperature might influence outcomes.  
Overall, BIA measures appeared to accurately track large changes in condition, but may be 
sensitive in some cases to large differences in individual fish size, lipid composition and plasma 
osmolarity.  Furthermore, the acute salinity and temperature experiments indicated that BIA 
measures may be sensitive to changes in salinity and temperature.  Plasma osmolarity, which 
may adjust to both environmental salinity and fish stress (Barton et al., 1986; Zadunaisky et al., 
1995; Kammerer et al., 2010), may be one source of variance that needs to be better 
understood.  Ultimately, the goal for a tool such as BIA is to ensure its accuracy and ability to 
track meaningful changes in condition of wild fish; if these sources of variance are shown to be 
easily correctable BIA may prove to be an effective non-lethal and rapid means to index 
condition of wild-caught individuals, and contribute to environmental assessments. 
 Wild-caught fish reflect the local environment in which they are caught; to promote BIA 
as a potential tool for monitoring changes in the local environment, BIA should be sensitive 
across the range of environments and conditions in which the fish may be found.  In the fed and 
fasted experiments, BIA measurements reflected large changes in condition that could be 
expected in the field, but were not sensitive enough to register small changes.  Specifically, 
while the fed experiment showed clear effects of increasing condition over time as Lecren’s Kn, 
% body lipid, % organ lipid, and BIA measurements all increased through the experiment, and 
phase angle and reactance were highly correlated to % lipid measurements.  In contrast, the 
fasted experiment, in which a decline in condition was expected, both Lecren’s Kn and % organ 
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lipid indicated a decrease in condition, however BIA measures changed only minimally and 
failed to indicate a significant decline in condition (R = -15; Xc=+8; PA= +4).    
The sensitivity of BIA to changes in condition when fish are at lower conditions may be a 
critical aspect related to the ability of BIA to be used on wild-caught organisms.  The major 
difference between the fed and fasted experiments was the amount of change.  Fish which were 
exposed to fasting experienced a 34% decrease in % organ lipid over 28 days, while fed saw an 
1103% increase in % organ lipid over 28 days.  While an increase in condition of wild-caught 
fish fed twice a day could be detected, further declines in fish condition due to environmental 
degradation may be difficult to detect. Although a lack of long-term environmental monitoring 
within the estuary where the fish were collected makes it difficult to say with certainty, there is 
no reason to suspect that the fish collected and used in these experiments were in poor 
condition or highly stressed.  
The sex of a fish is often considered a possible source of variance in condition, due to 
females growing larger and faster than males in some species and allocating energy to egg 
production (Poole and Reynolds 1996; Henderson et al. 2003; Morita et al. 2012; Hendry et al. 
1999).  Sex was a variable in two of our experiments (fed, fasted), and while only significant in 
the fed experiment, this was the only experiment that showed a meaningful change in condition 
with BIA measures.  As the length, weight, Lecren’s and % lipids between the sexes in the fed 
experiment were similar, a potential explanation of the difference in BIA measures between the 
two sexes could be potentially attributed to the reproductive status of the females, but this was 
not determined.  No other study of BIA accounted for the differences between sexes, though 
many studies report using salmonids which exhibit sex based morphological differences (Quinn 
and Foote 1994; Young 2005).  To better understand the variables effecting BIA, sex must be 
accounted for in fish studies, and to use BIA in the field would require the selection of indicator 
fish species where sex can be easily determined.   
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Traditional condition measurements such as Lecren’s Kn adjust for size to create an 
index of condition that is comparable for fish of different sizes (Blackwell et al., 2000).  Many 
studies have suggested that fish size (length, weight) may need to be corrected for in BIA 
measures (Cox and Hartmann 2005, Hartman et al. 2011).  The size of a conductor does affect 
some of its electrical properties, and fish size could influence BIA measures through the same 
principles (Lukaski et al., 1986; Cox et al., 2011).  Previous studies have included multiple 
calibrating calculations using length or probe separation in order to correct for this influence and 
better fit data (Cox and Hartman 2005; Hafs and Hartman 2011; Cox et al., 2011).  These and 
other studies have suggested that calibrations for size could contribute to BIA’s high predictive 
power for proximate body composition measurements such as total lipid or total protein which 
are not adjusted for the size of the subject (Bosworth and Wolters 2001; Pothoven et al. 2008; 
Klefoth et al., 2013).  However, from all four studies reported here, correcting for probe length or 
fish total length failed to provide any better measure of condition than the series measurements.  
Interestingly, when data collected for our two condition experiments were separated by size into 
large (fish > mean TL) and small (fish < mean TL) categories, BIA measures, R, Xc, and PA 
were all significantly higher for small fish, despite no significant difference for % organ or body 
lipid (Appendix E).  Furthermore, BIA measurements corrected for size, Rlength, Xclength, PAlength 
and Rprobe, Xcprobe, PAprobe, still differed significantly between these size classes, despite 
supposedly having adjusted for length.  Similar to our investigation, studies that investigated 
BIA’s predictive power for body composition measurements relative to size such as % dry 
weight, % lipid, and energy density (J/g) showed BIA to be less reliable (Pothoven et al. 2008; 
Garner et al. 2012; Klefoth et al. 2013).    
While fish condition, size, sex are all important considerations for BIA, in estuarine 
environments in particular, local salinity and temperature fluctuations are common and their 
potential effects on BIA measures need to be understood.  For example, if fish are exposed to a 
freshet event (large drop in salinity over a short period of time), or a storm front increasing 
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salinity rapidly, immediately prior to sampling, will this effect BIA measures?  This is important 
as it might guide timing of sampling.  Acute exposure to changes in temperature and salinity 
exposure in the lab found BIA sensitive to environmental variables, indicating the need for a 
better understanding of sources of variance and correction factors for BIA.   
In our exposures there were mortalities for the salinity 2 ppt and temperature 34 ºC and 
the salinity 36 ppt and temperature 4ºC for both the wild and lab conditioned fish.  The salinity 
and temperature treatments separately are within the ranges seen in habitats in which F. 
grandis survives (Simpson and Gunter 1956).  Acclimating to 36 ppt should not cause mortality 
in F. grandis, but a temperature of 4ºC can inhabit osmoregulation and combine with changing 
salinity to cause death (Kidder et al. 2006).  Mortality at the low salinity and high temperature we 
assume was caused by the energy budget of the fish being exceeded.  Acclimating to 2 ppt is 
more taxing for F. grandis and coping with higher temperatures is energetically expensive, 
(Lankford and Targett 1994; Patterson et al. 2012).  No mortality was seen in the other 
combinations of treatments. 
Temperature had a negative effect on BIA measurements, decreasing values, similar to 
other acute temperature exposure studies (Hartman et al. 2011; Klefoth et al. 2013).  
Corrections for temperature’s effect on BIA have been suggested in the range of approximately 
-2.5% per 1⁰C, but were estimated from only two temperatures which fail to cover the range of 
temperatures commonly experienced in Gulf Coast estuaries (Hartman et al., 2011).  Two 
notable difference in our study compared to other studies was that (1) we exposed the fish to a 
range of temperatures, and (2) the temperature effect on BIA measurements were only seen in 
the series measurements of R.  Taking the same approach as Hartman et al. (2011), our 
estimated correction factor would be a linear decrease in R with temperature by 0.85) – 0.92 % 
per 1⁰C.  Differences between our findings and Hartman et al. (2011) may be due reflect several 
variables, including (1) species differences, (2) fish size, or (3) range of temperatures tested; 
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size might be a factor as resistance is assumed to be affected by the volume of the conductor 
(Lukaski et al. 1986).   
Additionally, previous temperature studies used adjustments to BIA measurements to 
better fit the theoretical parallel and not series electrical arrangement of tissues (Cox and 
Hartman., 2005; Cox and Heintx 2009; Hartman et al. 2011; Klefoth et al. 2013).  The 
adjustment for parallel arrangement uses the Xc value in the adjustment of R and vice versa 
(Cox and Hartman. 2005).  This may be why both R and Xc were significantly affected by 
temperature in other studies and could lead to improper corrections for temperature.  Our study 
suggests temperature has a moderate negative effect on R measurements, and corrections 
should occur before parallel adjustments, where only R is affected. 
BIA measures were also found to differ significantly by salinity exposure; this is 
extremely important when considering the use of BIA on estuarine fish with a salinity tolerance 
form 0 to 70 ppt.  Specifically, an increase in salinity negatively affected R and Xc, and 
positively affected PA and plasma osmolarity. A study of a species similar to F. grandis has 
shown that when exposed to a change in salinity there is a short period of homeostasis 
deviation before osmoregulation begins (Zandunaisky et al. 1995).  For sampling of estuarine 
fish where salinity is variable, this might indicate that either a correction factor needs to be 
developed for sampling across salinities, or sampling needs to be always timed within a period 
of similar and steady salinity regimes.   
Plasma osmolarity may indicate a source of variance for BIA.  Studies of humans have 
shown BIA measurements to be sensitive to changes in body fluids (Shanholtzer and 
Patterson 2003; Sengun et al. 2012).  The conductance of fluids in a body has been shown 
to be sensitive to status changes such as dehydration, pregnancy, and illness (Shime et al. 
2002; Schanholtzer and Patterson 2003; Rezac 2008).  It has been shown that concentrations 
of amino acids, proteins, and ions in blood plasma can affect the fluid’s conductance (Pethig 
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1979; Cha et al., 1994; Singh et al. 1998).  In our fed, fasted, and lab conditioned salinity 
experiments, plasma osmolarity was significantly different by each treatment. No other BIA 
studies of fish monitored for changes in body fluid content or concentrations.  As changes in 
plasma osmolarity and blood chemistry can be triggered by a range of events, including stress 
and environmental cues (Barton et al. 1996; Ciereszko et al 1997; Bjornsson 1997), it is a 
variable that should be more carefully monitored when assessing BIA results. 
The results of this study indicate the sensitivity of BIA to a range of variables.  
Environmental factors and changes in actual body condition exert a strong influence over the 
sensitivity of BIA measures.  Assessing organism condition is not a simple task and the use of 
multiple indexes is often suggested for accurate work (Gilliers et al. 2004; Adams 2005; Piazza 
and La Peyre 2010).  BIA may prove to be a powerful tool particularly given that it is cheap, non-
lethal and easy; however, to ensure its accuracy, all sources of variance for BIA must be 
identified. Its sensitivity to temperature and salinity may not make BIA ideal for work in estuaries 
due to fluctuations in these water characteristics in those systems.  Future studies should focus 
on the physiological details that are affecting BIA measurements.  
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APPENDICES 
APPENDIX A.  N, mean, and standard error by day for all metrics for Study 1, fed twice daily ad libitum for 28 
days.  Lipid content was only collected on day 0 and day 28. 
 
Day 0 Day 7 Day 14 Day 21 Day 28
Metric N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr
L 33 96.76 1.85 18 95.22 2.30 20 95.25 2.42 15 92.33 2.20 19 93.05 1.49
W 33 11.93 0.73 18 11.96 0.89 20 13.34 1.02 15 11.82 0.82 19 11.79 0.64
Kn 33 0.99 0.01 18 1.06 0.01 20 1.16 0.01 15 1.15 0.02 19 1.13 0.02
Organ Lipid % 15 0.30 0.03 19 3.50 0.29
Body Lipid % 15 6.63 0.35 19 27.25 1.98
Plasma Osmolarity 30 367.10 2.20 18 349.11 1.65 20 356.65 3.02 15 360.07 2.54 15 350.07 2.97
R 33 341.80 6.59 18 360.65 9.08 20 352.04 7.44 15 338.95 4.56 19 326.05 6.09
Xc 33 81.71 1.50 18 88.95 2.96 20 91.59 2.38 15 125.86 2.84 19 118.78 3.71
PA 33 76.52 0.16 18 76.17 0.22 20 75.42 0.23 15 69.65 0.27 19 70.03 0.40
Rpara 33 361.43 6.80 18 382.69 9.84 20 375.98 7.93 15 385.83 5.74 19 369.70 7.48
Xcpara 33 1519.05 39.78 18 1558.41 40.83 20 1451.53 37.90 15 1041.52 16.00 19 1021.45 23.32
PApara 33 13.48 0.16 18 13.83 0.22 20 14.58 0.23 15 20.35 0.27 19 19.97 0.40
Rlength 33 26.88 1.40 18 24.40 1.56 20 24.93 1.55 15 22.34 1.10 19 23.81 1.04
Xclength 33 6.51 0.39 18 5.97 0.37 20 6.54 0.47 15 8.32 0.45 19 8.64 0.41
PAlength 33 700.57 23.41 18 668.14 38.67 20 627.47 26.58 15 421.32 17.44 19 438.33 15.53
Rprobe 33 0.0121 0.0007 18 0.0122 0.0010 20 0.0147 0.0010 15 0.0127 0.0008 19 0.0135 0.0009
Xcprobe 33 0.0029 0.0002 18 0.0030 0.0002 20 0.0039 0.0003 15 0.0047 0.0003 19 0.0049 0.0003
PAprobe 33 0.32 0.01 18 0.34 0.03 20 0.37 0.02 15 0.24 0.01 19 0.25 0.02
54 
 
APPENDIX B.  N, mean, and standard error by day for all metrics for Study 2, fasted for 28 days.  Lipid content 
was only collected on day 0 and 28. 
 
 
Day 0 Day 7 Day 14 Day 21 Day 28
Metric N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr
L 35 95.03 1.81 35 92.06 1.68 33 86.94 1.61 33 91.42 1.59 26 92.50 1.80
W 35 11.29 0.68 35 9.97 0.62 33 7.59 0.51 33 8.76 0.46 26 8.87 0.60
Kn 35 0.99 0.01 35 0.96 0.01 33 0.88 0.01 33 0.88 0.02 26 0.85 0.02
Organ Lipid % 16 0.31 0.02 26 0.19 0.01
Body Lipid % 16 6.71 0.32 26 3.99 0.23
Plasma Osmolarity 31 366.61 2.28 33 336.09 2.38 31 338.35 2.07 33 336.94 1.93 22 326.64 4.02
R 35 354.26 8.31 35 364.03 6.20 33 387.66 7.37 33 348.13 7.94 26 341.59 8.95
Xc 35 84.32 1.89 35 81.52 2.06 33 75.49 1.37 33 89.44 2.97 26 89.50 3.47
PA 35 76.57 0.15 35 77.34 0.27 33 78.91 0.22 33 75.67 0.31 26 75.39 0.37
Rpara 35 708.52 16.62 35 728.07 12.41 33 775.32 14.74 33 696.25 15.89 26 683.18 17.90
Xcpara 35 104.47 2.37 35 100.09 2.95 33 90.39 1.83 33 112.74 3.99 26 113.30 4.73
PApara 35 81.58 0.11 35 82.14 0.21 33 83.30 0.15 33 80.85 0.23 26 80.63 0.29
Rlength 35 13.35 0.70 35 12.09 0.63 33 10.10 0.54 33 12.44 0.60 26 13.09 0.76
Xclength 35 89.69 4.14 35 88.05 4.15 33 85.81 3.72 33 81.43 6.78 26 83.58 7.66
PAlength 35 112.15 4.24 35 104.46 3.86 33 91.83 3.61 33 104.36 3.66 26 107.06 4.06
Rprobe 35 0.0062 0.0003 35 0.0062 0.0003 33 0.0052 0.0003 33 0.0060 0.0003 26 0.0059 0.0004
Xcprobe 35 0.0414 0.0021 35 0.0453 0.0023 33 0.0442 0.0022 33 0.0393 0.0035 26 0.0378 0.0038
PAprobe 35 0.05 0.00 35 0.05 0.00 33 0.05 0.00 33 0.05 0.00 26 0.05 0.00
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APPENDIX C.  N, mean, and standard error for Study 3, wild-caught temperature (2, 12, 24⁰C) and salinity (2,12, 24 
ppt) exposure. 
 
 
 
 
 
Temperature Salinity (ppt)
2 ⁰C 12 ⁰C 24 ⁰C 2 12 24
Metrics N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr
W 12 9.11 0.80 12 9.15 1.10 12 9.10 0.69 12 8.06 0.64 12 9.56 1.00 12 9.74 0.87
Kn 12 1.19 0.02 12 1.12 0.02 12 1.14 0.02 12 1.15 0.02 12 1.14 0.02 12 1.16 0.03
Organ Lipid % 12 41.62 4.40 12 43.90 5.58 12 56.39 3.10 12 44.02 4.24 12 46.67 6.02 12 51.23 3.87
Body Lipid % 12 3.81 0.48 12 4.32 0.68 12 5.39 0.41 12 3.93 0.56 12 4.48 0.59 12 5.11 0.51
Muscle Na+ 12 14230.86 1512.25 12 12532.89 1086.60 12 12360.63 652.71 12 10135.38 695.24 12 13030.69 518.68 12 15958.31 1339.50
R 12 443.01 21.84 12 418.24 16.13 12 362.91 7.90 12 452.18 19.36 12 404.95 16.13 12 367.03 11.81
Xc 12 115.03 10.93 12 121.52 8.29 12 110.57 4.93 12 141.16 4.44 12 109.46 4.54 12 96.50 9.04
PA 12 75.81 0.76 12 73.99 0.75 12 73.11 0.51 12 72.55 0.40 12 74.87 0.23 12 75.49 1.05
Rpara 12 473.76 25.73 12 454.31 18.76 12 396.98 9.62 12 496.52 19.85 12 434.62 17.25 12 393.90 14.80
Xcpara 12 1882.37 56.40 12 1606.73 71.35 12 1314.79 35.95 12 1598.20 91.13 12 1611.83 70.76 12 1593.87 104.33
PApara 12 14.19 0.76 12 16.01 0.75 12 16.89 0.51 12 17.45 0.40 12 15.13 0.23 12 14.51 1.05
Rlength 12 15.73 1.58 12 16.52 1.55 12 18.72 1.33 12 13.87 1.02 12 17.76 1.66 12 19.35 1.36
Xclength 12 3.84 0.28 12 4.76 0.50 12 5.64 0.38 12 4.37 0.34 12 4.83 0.48 12 5.05 0.51
PAlength 12 521.70 47.56 12 461.58 34.15 12 439.00 27.28 12 388.56 21.92 12 494.09 32.91 12 539.63 43.00
Rprobe 12 0.0059 0.0006 12 0.0064 0.0007 12 0.0071 0.0007 12 0.0053 0.0004 12 0.0069 0.0008 12 0.0072 0.0005
Xcprobe 12 0.0014 0.0001 12 0.0018 0.0002 12 0.0021 0.0002 12 0.0017 0.0001 12 0.0019 0.0002 12 0.0019 0.0002
PAprobe 12 0.20 0.02 12 0.18 0.02 12 0.17 0.01 12 0.15 0.01 12 0.19 0.02 12 0.20 0.02
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APPENDIX D.  N, mean, and standard error for Study 4, lab-conditioned temperature (2, 12, 24⁰C) and salinity (2, 
12, 24 ppt) exposure. 
 
 
 
 
Temperature Salinity
2 ⁰C 12 ⁰C 24 ⁰C 2 12 24
Metrics N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr N Mean Stderr
L 12 80.92 1.03 12 81.17 0.68 12 81.75 0.86 12 81.92 1.05 12 80.92 0.73 12 81.00 0.78
W 12 7.30 0.28 12 7.34 0.25 12 7.48 0.30 12 7.67 0.29 12 7.32 0.25 12 7.13 0.27
Kn 12 1.09 0.03 12 1.09 0.02 12 1.08 0.03 12 1.10 0.02 12 1.10 0.04 12 1.06 0.01
Organ Lipid % 12 6.41 0.76 12 5.18 0.56 12 6.48 0.54 12 73.63 8.73 12 61.98 3.47 12 77.29 15.93
Body Lipid % 12 68.18 6.55 12 72.34 15.86 12 72.38 7.62 12 6.59 0.83 12 6.02 0.34 12 5.46 0.66
Plasma Osmolarity 9 337.89 15.82 10 317.70 10.51 11 318.64 15.43 9 285.00 17.51 10 337.30 4.72 11 344.09 10.71
Plasma Na+ 2 66595.00 7105.00 11 63196.36 2655.98 8 60497.50 5133.65 8 57578.75 4620.75 6 63406.67 4712.61 7 67322.86 2183.74
Muscle Na+ 12 15205.35 840.78 12 13485.35 813.54 12 12856.91 875.96 12 12390.34 1170.98 12 14493.01 680.39 12 14664.28 528.33
R 12 472.63 14.12 12 435.93 14.54 12 381.41 14.45 12 458.80 13.44 12 410.36 19.59 12 420.81 17.88
Xc 12 105.03 5.66 12 98.11 5.61 12 91.34 8.23 12 115.82 6.86 12 89.70 4.84 12 88.96 5.16
PA 12 77.51 0.48 12 77.33 0.50 12 76.79 0.65 12 75.89 0.62 12 77.65 0.42 12 78.09 0.35
Rpara 12 945.25 28.25 12 871.86 29.08 12 762.82 28.89 12 917.59 26.89 12 820.72 39.19 12 841.62 35.77
Xcpara 12 128.77 7.75 12 120.62 7.81 12 113.87 11.54 12 145.73 9.83 12 109.57 6.30 12 107.97 6.71
PApara 12 82.27 0.36 12 82.13 0.38 12 81.70 0.51 12 81.02 0.48 12 82.38 0.31 12 82.71 0.26
Rlength 12 7.00 0.25 12 7.67 0.31 12 8.91 0.39 12 7.42 0.35 12 8.20 0.45 12 7.95 0.35
Xclength 12 53.07 3.43 12 56.58 2.80 12 64.56 5.65 12 48.74 3.67 12 62.57 4.64 12 62.90 3.32
PAlength 12 79.72 1.96 12 80.31 1.46 12 81.95 1.90 12 82.98 2.10 12 79.55 1.39 12 79.44 1.66
Rprobe *100 12 0.00 0.00 12 0.00 0.00 12 0.00 0.00 12 0.00 0.00 12 0.00 0.00 12 0.00 0.00
Xcprobe *100 12 0.03 0.00 12 0.03 0.00 12 0.03 0.00 12 0.02 0.00 12 0.03 0.00 12 0.03 0.00
PAprobe 12 0.04 0.00 12 0.04 0.00 12 0.04 0.00 12 0.04 0.00 12 0.04 0.00 12 0.04 0.00
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APPENDIX E.  Table of N, mean, and standard error for Study 1 (fed) and Study 2 (fasted) sorted into small and 
large on the mean length.  P-values are from a Tukey test and significant values are in bold. 
 
 
 
 
 
 
Fed Fasted
Small Large Small Large
Metric N Mean Std Err N Mean Std Err p-Value N Mean Std Err N Mean Std Err p-Value
L 49 86.84 0.76 56 101.96 0.83 <.01 84 83.54 0.53 78 100.28 0.66 <.01
W 49 9.11 0.27 56 14.83 0.40 <.01 84 6.67 0.15 78 12.23 0.31 <.01
Kn 49 1.08 0.01 56 1.08 0.01 0.92 84 0.90 0.01 78 0.94 0.01 0.01
Organ Lipid % 16 2.58 0.38 18 1.65 0.48 0.05 16 0.25 0.02 26 0.23 0.02 0.94
Body Lipid % 16 22.48 2.99 18 14.31 2.69 0.14 16 5.00 0.49 26 5.05 0.34 0.59
Plasma Osmolarity 46 354.96 1.97 52 360.65 1.72 0.03 78 339.62 1.91 72 343.89 2.42 0.16
R 49 357.15 5.17 56 331.98 3.72 <.01 84 382.64 4.56 78 335.39 4.26 <.01
Xc 49 102.87 3.04 56 93.45 2.57 0.02 84 86.75 1.63 78 80.61 1.46 0.01
PA 49 73.89 0.47 56 74.27 0.41 0.55 84 77.17 0.23 78 76.49 0.19 0.02
Rpara 49 388.15 5.32 56 359.42 4.00 <.01 84 765.28 9.13 78 670.79 8.52 <.01
Xcpara 49 1397.43 44.32 56 1317.27 34.12 0.15 84 106.97 2.30 78 100.30 2.02 0.03
PApara 49 16.11 0.47 56 15.73 0.41 0.55 84 81.99 0.17 78 81.49 0.15 0.03
Rlength 49 19.75 0.50 56 29.36 0.72 <.01 84 9.31 0.19 78 15.29 0.32 <.01
Xclength 49 5.74 0.23 56 8.23 0.25 <.01 84 68.22 1.80 78 104.91 3.33 <.01
PAlength 49 486.15 14.22 56 687.88 20.67 <.01 84 85.44 1.09 78 123.88 1.69 <.01
Rprobe 49 0.0102 0.0004 56 0.0154 0.0005 <.01 84 0.0045 0.0001 78 0.0074 0.0002 <.01
Xcprobe 49 0.0030 0.0002 56 0.0044 0.0002 <.01 84 0.0331 0.0010 78 0.0512 0.0018 <.01
PAprobe 49 0.25 0.01 56 0.36 0.01 <.01 84 0.04 0.00 78 0.06 0.00 <.01
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